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[57] ABSTRACT

A semiconductor storage device having a memory
array composed of storage ceils arranged in a matrix.
The storage cells include a ferroelectric transistor hav-
ing a metal-ferroelectrics-semiconductor structure and
a switching transistor. A source electrode of one of the
transistors and a drain electrode of the other transistors
are connected to each other. According to the present
invention, the necessary time for writing becomes short,
realizing a rapid operation of nano second order. Fur-
ther, many times (1010 order) of rewriting is possible.
This brings a longer life thereof compared with a EE-
PROM which is rewritable about 104 times. Since the
reading out is non-destructive, the rewriting is not re-
quired so that the life of the device is further length-
ened.

2 Claims, 4 Drawing Sheets
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1
SEMICONDUCTOR STORAGE DEVICE WITH A
FERROELECTRIC TRANSISTOR STORAGE CELL

This application is a continuation of application Ser.
No. 07/961,955 filed Oct. 16, 1992, now abandoned.

FIELD OF THE INVENTION

The present invention relates to a nonvolatile semi-
conductor storage device employing a ferroelectric film
capacitor. A semiconductor storage device of the pres-
ent invention has a memory array wherein storage ceils
employing a ferroelectric film and a field-effect transis-

tor (hereinafter referred to as FET) are arranged in a
matrix.

BACKGROUND OF THE INVENTION

A conventional memory array is shown in FIGS. 6
and 7. The array comprises storage cells, each employ-
ing a ferroelectric film capacitor, arranged in a matnx.

The memory array in FIG. 6 is disclosed m U.S. Pat.
No. 4,873,664, where a ferroelectric film capacitor C is
connected with a source electrode of a switching tran-
sistor ST to form a storage cell.

The memory array in FIG. 7 disclosed in Japanese
Unexamined Patent Publication No. 64993/1990, where
a switching transistor ST is connected in series with the
front and the rear of a metal-ferroelectrics-semiconduc-
tor transistor (hereinafter referred to as ferroelectric
transistor F'T) to form a storage cell. The ferroelectric
transistor FT 1s one of FET and a ferroelectric film i1s
used as a gate insulating film thereof.

The March 1990 issue of NIKKEI MICRODE-
- VICES reports in pp. 72-77 that flash-type EEPROMS
are is earnestly being developed as nonvolatile storage
cells.

When reading out a storaged mformation from the
memory array shown in FIG. 6, the polarized direction
of the ferroelectric film i1s reversed and the storaged
information is destroyed. This “destructive reading”
which requires rewriting cell after reading out. Thus,
such a semiconductor storage device has a disadvantage
that the operation thereof i1s complicated.

The memory array shown in FIG. 7 enables non-
destructive reading. However, it requires three transis-
tors per bit. Thus, it has a disadvantage that its cell area
must be enlarged.

In a flash-type EEPROM which 1s being earnestly
developed today, it takes a long time (microsecond
order) for writing. This 1s three orders of magnitude
slower than that of the storage cell employing a ferro-
electric film capacitor or of DRAM, of which necessary
time for writing is nano second order. Thus, the flash-
type EEPROM has a disadvantage that the necessary
time for writing 1s very long.

SUMMARY OF THE INVENTION

In view of the above-mentioned problems, an object
of the present invention is to provide a semiconductor
storage device in which the necessary time for writing
is short, in which reading out is non-destructive and in
which the cell area is small. A semiconductor storage
device of the present invention uses a nonvolatile mem-
ory array composed of storage cells employing a ferro-
electric film. |

According to the present invention, there is provided
a semiconductor storage device having a memory array
composed of storage cells arranged in a matrix, wherein

5,412,596

S

10

15

20

23

30

35

45

50

55

65

2

the storage cells comprise a ferroelectric transistor hav-
ing a metal-ferroelectrics-semiconductor structure and
a switching transistor, and a source electrode of one of
the transistors and a drain electrode of the other transis-
tor are connected to each other.

The memory array in a semiconductor device of the
present invention comprises a first word line, a second
word line, a bit line and a source line, the first word line
connecting gate electrodes of switching transistors in
one lateral or lingitudinal line of the array; the second
word line connecting gate electrodes of ferroelectric
transistors one lateral or longitudinal line of the array:;
bit line connecting drain electrodes of ferroelectric
transistors or switching transistors in one longitudinal
or lateral line perpendicular to the second word line, the
drain electrodes not being connected to source elec-
trodes of ferroelectric transistors or switching transis-
tors; and the source line connecting source electrodes of
switching {ransistors or ferroelectric transistors and
semiconductor substrates to the ground, the source
electrodes not being connected to drain electrodes of
switching transistors or ferroelectric transistors.

In a semiconductor storage device of the present
invention, one ferroelectric transistor and one switching
transistor are connected in series to form a storage cell.
Due to this, writing to a desired storage cell can be
performed by selecting the word line and the bit line,
and erasing can be performed per each word line. Fur-
ther, reading out from a desired storage cell can be
performed by selecting the word line connecting the

gate electrodes of the switching transistor and the bit
line.

BRIEF EXPLANATION OF THE DRAWINGS

FIG. 1 1s a cross section showing a structure of a
transistor with a ferroelectric film capacitor;

FIG. 2 1s a graph showing a hysteresis characteristic
of a ferroelectric transistor:

FIG. 3 1s an explanatory view showing a structure of
an embodiment of a memory array of the present inven-
tion; |

FIG. 4 1s an explanatory view showing a condition
where a bit line in the memory array is connected with
a sense amplifer circuit;

FIG. 3 1s a cross section of a semiconductor structure
of an embodiment of a storage cell of the present inven-
tion;

FIG. 6 1s a circuit diagram of a conventional storage
cell; and

FIG. 7 1s a circuit diagram of another conventional
storage cell.

DETAILED DESCRIPTION

A semiconductor storage device of the present inven-
tion 1s explained below with reference to the drawings.

In FIGS. 1 to 5, numeral 1 represents a source region
wherein n4 impurity 1s diffused. Numeral 2 represents
a drain region wherein n4- impurity is diffused. Numer-
als 3, 4 and 5 respectively represent a p-type silicon
semiconductor substrate, a ferroelectric film and a gate
electrode. Symbols WL1 (WL1a, WL1b) and WL2
(WL2a, WL2b) respectively represent a first word line
and a second word line. Symbols BL. (BLa, BLb) and
SL respectively represent a bit line and a source line.
Numerals 13 and 14 respectively represent an insulating
film. Numeral 135 represents a gate insulating film.

The operation of the transistor having the ferroelec-
tric film 4 is explained based on FIGS. 1 and 2. FIG. 1
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is a cross section of a ferroelectric transistor employing
a ferroeletric film capacitor. FIG. 2 is a graph showing
a relationship between the gate voltage applied to the
ferroelectric transistor and the current flowing between
source and drain. The ferroelectric transistor FT is one
obtained by replacing a gate insulating film of a MIS-
FET (metal-insulator-semiconductor FET) with a fer-
roelectric film. In the FT of this embodiment, a ferroe-
letric film 4 and a gate electrode S are formed on a

p-type semiconductor substrate 3 as shown in FIG. 1.
n+4 impurity is diffused therearound to form a source
region 1 and a drain region 2. When a voltage higher

than a certain value is applied between the gate elec-
trode 5 and the substrate 3, a residual polarization is
brought because of the hysteresis characteristic of the
ferroelectric film 4. Thus, even if electric potential of
the electrode 5 is made to be 0 V, a current flows be-
tween the source and the drain. This relationship is
shown in FIG. 2. |

In the graph of FIG. 2, the axis of abscissa indicates
gate voltage Vg and the axis of the ordinate indicates
current Insbetween the source and the drain. Hystere-
sis characteristic is shown in the relationship between
the voltage and the current. Once a voltage higher than
Vi is applied to the FT, current keeps on flowing
unless the applied voltage is lowered to —V o or less.
In this specification, this condition ( the current is on) is
defined as written and this is indicated by “1”’. When the
applied voltage is lowered to —V o or less, the current
between the source and the drain stops flowing. In this
specification, this condition (the current is off) 1s de-
fined as erased and this is indicated by “0”.

Thus, by making the ON condition correspond to the
“1”” and the OFF condition to the “0”, each storage cell
serves as a memory. When reading out, a voltage 1s
applied between the source and the drain, and a condi-
tion of a ferroelectric film ( ON or OFF) can be distin-
guished from the fact that current flows or not, or volt-
age drop happens or not. Thus, the polarized direction
of the ferroelectric film does not reverse when reading
out, that is, non-destructive reading out can be per-
formed.

A constitution of a memory array is explained below.
In this memory array, the ferroelectric transistor FT
and the switching transistor ST are connected in series
to form a storage cell and this cell is arranged in a ma-
trix.

As shown in FIG. 3, storage cells A, B, C, and D are
respectively formed by connecting one ferroelectric
transistor FT and one switching transistor in series. In
this embodiment, a source electrode of the transistor FT
and a drain electrode of the transistor ST is connected.

These storage cells are arranged in a matrix to form a
memory array. In FIG. 3, four memory cells A, B, C
and D are arranged in two longitudinal lines and in two
lateral lines, and electrodes of each cell are wired to
form an array. The array comprises first word lines
WL1aand WL15, second word lines WL2g and WL2b,
bit lines BLa and BLDb, and a source line. The first word
line WL1a connects the gate electrodes of the switch-
ing transistors ST of the storage cells A and B, and the
first word line WL1b connects the gate electrodes of
the switching transistors ST of the storage cells C and
D. The second word line W1.2a connects the gate elec-
trodes of the ferroelectric transistors FT of the storage
cells A and B, and the second word line WL2b connects
the gate electrodes of the ferroelectric transistors FT of
the storage cells C and D. The bit line BLa connects the
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drain electrodes of the ferroelectric transistors FT of
the storage cells A and C. The bit line BLb connects the
drain electrodes of the ferroelectric transistors FT of
the storage cells B and D. The source line SL connects
the source electrodes of the switching transistors and
the semiconductor substrates of all the storage cells to
ground.

Hereinafter how the constitution serves as a memory
array 1s explained. In this explanation the storage cell A

serves as a selected cell carrying out writing, and the
other cells B, C and D respectively serve as a non-
selected cell.

The writing 1s carried out as follows. When a voltage
not lower than Vg is applied to the second word line
WL2a, the “1” which corresponds to an ON condition
1s stored in the cell A. At this operation, a voltage Vpis
applied to the bit line BLb. The voltage Vp is so se-
lected that it is smaller than the voltage Vg1, however,
the difference between the Vg1 and Vp does not cause
a reverse of a polarized direction of the ferroelectric
film and allows a depletion layer to extend at channel.
For this reason, by applying such voltage Vp to the bit
Iine BLDb, the storage cell B is prevented from being
written into . The voltage V p must be smaller than the
voltage Vp also for preventing a reverse of the condi-

tion of the storage cell from ON to OFF. Electrical
potential of all the other lines are kept at 0 V.

The erasing 1s carried out as follows. When a voltage
not higher than —V o is applied to the second word
line WL2a, the storage cells A and B can be set at “0”
(the condition OFF). That is, the erasing is carried out
per each line like a flash memory or the like. In the
operation, electric potential of all the other lines are
kept at 0 V. |

The reading out is carried out as follows. Electric
potential of the first word line WL 1a is set at a voltage
V1 which causes the switching transistor to be ON. The
bit line BLa is precharged at a reference voltage, and is
connected to a sense amplifier SA as shown in FIG. 4.
Electric potential of all the other lines are kept at 0 V.
In this condition, if the ferroelectric transistor FT stores
the “1”, current flows between the drain and the source,
and the voltage of the bit line BLa drops. On the other
hand, if the ferroelectric transistor FT stores “0”, cur-
rent does not flow between the drain and the source,
and the voltage of the bit line BLLa does not drop. Thus
it can be found whether the ferroelectric transistor FT
of the storage cell stores the “1” or the “0”, by the fact
that the applied voltage to the bit line BLa drops or not.

Those relationships are summarized in Table 1. In
Table 1, symbols 0 mean that each line is grounded.

TABLE 1
WLla WIL2a BLa WLIb WL2b Blb
writing 0 Vai 0 0 0 VD
Oor more
erasing 0 —-Veo 0 0 0 0
or less
reading out  Vy 0 SA 0 0 0

One of such storage cells is shown in FIG. 5 with a
cross section of its semiconductor. In FIG. 5, numeral 2
represents a drain region of a ferroelectric transistor
FT. Numeral 16 represents a source region of a switch-
ing transistor ST, and this region 16 is grounded by the
source line SL. Between the drain region 2 and the
source region 16, a channel region is defined. The chan-
nel region 1s partly covered by ferroelectric film 4
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which is directly formed on semiconductor substrate 3.
The ferroelectric film 4 has a first gate electrode on top

of it to form the ferroelectric transistor FT. The part of

the channel which remains uncovered by the ferroelec-
tric film 4 is covered by a second gate electrode with
gate insulating film 15 interposed therebetween to form
the switching transistor ST. The second gate electrode
extends over the first gate electrode to complete the
flow of carrier between the transistors FT and ST. The
first and the second gate electrodes are connected with
the second and the first word lines WL2a and WlL1a,
respectively. As a material for the ferroelectric film,
PZT (szrl..x Tix 03), PLZT ((Pb]_-x LaX) (Zrl_y Tiy)l-
x/4, O3) or the like can be preferably employed because
of their high spontaneous polarization. As a material for
the word line and bit line, a doped polysilicon with
phosphorus 1s typical, however, a metal such as plati-
num can replace the doped polysilicon.

In the above-mentioned embodiment, the source elec-
trode of the ferroelectric transistor FT and the drain
electrode of the switching transistor ST are connected
to form a storage cell. However, the transistors FT and
ST are interchangable to each other. In that case, the
source electrode of the transistor FT is grounded by the
source line SI, and the drain electrode of the transistor
ST i1s connected with the bit line. In the above-men-
tioned embodiment, the first and the second word lines
WL1 and WL2 connect the lateral lines of the transis-
tors, and the bit lines connect the longitudinal lines of
~ the transistors. However the way of connection is not
Iimited thereto. The word lines WL.2 and the bit line are
interchangable to each other as long as they cross per-
pendicularly to each other.

As explained above, according to the present inven-
tion, a storage cell is composed of one ferroelectric
transistor and one switching transistor, and a memory
array is constituted with the storage cells. For this rea-
son, a storage device of the present invention can be
made smaller. Further, a condition of the ferroelectric
film (“1” or “0”) can be distinguished from the fact that
current flows or not under the applied voltage,
whereby the polarized direction of the ferroelectric film
does not reverse, that is, non-destructive reading out
can be carried out.

A storage device of the present invention employs a
ferroelectric film capacitor, so that the necessary time
for writing becomes short whereby realizing a rapid
operation of nanosecond order. Further, many times (
1010 order) of rewriting is possible. This brings a longer
life thereof compared with a EEPROM which is rewri-
table about 10* times. Since the reading out is non-
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destructive, the rewriting is not required so that the life
of the device is further lengthened.

Thus, there can be realized a storage device having a
small-sized and easy-to-use memory array with high

performance and this greatly contributes to the devel-
opment of recent electronics.

Though several embodiments of the present inven-
tion are described above, it is to be understood that the

present invention is not limited only to the above-men-
tioned, various changes and modifications may be made

in the invention without departing from the spirit and
scope thereof.

What 1s claimed is:

1. A semiconductor storage device having a memory
array composed of storage cells arranged in a matrix on
a semiconductor substrate, said storage cells each com-
prising:

a ferroelectric transistor having source and drain
regions provided in said semiconductor substrate, a
ferroelectric film provided directly on a surface of
sald semiconductor substrate between said source
and drain regions, and a first gate electrode pro-
vided on said ferroelectric film, said ferroelectric
transistor to store information by utilizing residual
polarization of said ferroelectric film; and

a smtchmg transistor having a channel region pro-

- vided in said semiconductor substrate and adjacent
to said ferroelectric transistor, and a second gate
electrode provided over both the channel region
and said first gate electrode:

wherein a source electrode of one of the two transis-
tors 1s connected to a drain electrode of the other
transistor. -

2. The semiconductor device of claim 1, wherein the
memory array comprises a first word line, a second
word line, a bit line and a source line,

the first word line connecting gate electrodes: of
switching transistors in one lateral or longitudinal
line of the array:;

the second word line connecting gate electrodes of
ferroelectric transistors in one lateral or longitudi-
nal line of the array; |

the bit line connecting drain electrodes of one of said
switching or ferroelectric transistors of which
source electrodes are connected to drain electrodes
of the other one of said switching or ferroelectric
transistors in one longitudinal or lateral line which
1s perpendicular to the second word line; and

the source line connecting source electrodes of said
other one of said switching or ferroelectric transis-

tors and said semiconductor substrate to ground.
* ¥ X %X %
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